When and how oxygenic photosynthesis originated remains controversial. Wide uncertainties exist for the earliest detection of biogenic oxygen in the geochemical record or the origin of water oxidation in ancestral lineages of the phylum Cyanobacteria. A unique trait of oxygenic photosynthesis is that the process uses a Type I reaction centre with a heterodimeric core, also known as Photosystem I, made of two distinct but homologous subunits, PsaA and PsaB. In contrast, all other known Type I reaction centres in anoxygenic phototrophs have a homodimeric core. A compelling hypothesis for the evolution of a heterodimeric Type I reaction centre is that the gene duplication that allowed the divergence of PsaA and PsaB was an adaptation to oxygenic photosynthesis to incorporate photoprotective mechanisms, therefore occurring after the origin of water oxidation. Here I show, using sequence comparisons and Bayesian relaxed molecular clocks that this gene duplication event may have occurred more than 3.4 billion years ago, long before the most recent common ancestor of Cyanobacteria and the Great Oxidation Event. If water oxidation predated this gene duplication event, then that would place primordial forms of oxygenic photosynthesis at a very early stage in the evolutionary history of life.
Introduction
When and how oxygenic photosynthesis originated remains a highly debated subject with dates ranging from 3.8 billion years (Ga) (Rosing and Frei 2004, Frei et al. 2016) to shortly before 2.4 Ga (Ward et al. 2016 , Shih et al. 2017 , the onset of the Great Oxidation Event (GOE). Extensive geochemical data suggests that some oxygen was being produced from at least about 3.0 Ga (Lyons et al. 2014 , Havig et al. 2017 , Smit and Mezger 2017 . Yet, it is well accepted that anoxygenic photosynthesis had already evolved 3.5 Ga ago and may predate 3.8 Ga (Tice and Lowe 2004 , Nisbet and Fowler 2014 , Butterfield 2015 . If so, there could have been a gap of 600 million years (Ma) to more than 1.0 Ga between the origin of anoxygenic photosynthesis and the emergence of oxygenic photosynthesis. However, I have previously pointed out that the molecular evolution of photochemichal reaction centres is inconsistent with such a vast gap (Cardona 2016 , Cardona 2017 . Instead, I have noted that the evolution of all reaction centre proteins, including those used in oxygenic photosynthesis, diversified early, rapidly, and in parallel (Cardona 2015) . Consistent with this, Cardona et al. (2017) demonstrated that the divergence of the anoxygenic Type II reaction centres from water-oxidising Photosystem II (PSII) occurred soon after the emergence of photosynthesis as the result of one reaction centre gaining or losing the structural domains required to oxidise water to oxygen, still at a homodimeric stage. Cardona et al. (2017) also showed that one of the most ancient diversification events in the evolution of photosynthesis, after the divergence of Type I and Type II reaction centres, was the specific gene duplication of the ancestral water-splitting homodimeric core that permitted the heterodimerisation of PSII during the early Archean.
The core of Type I reaction centres in anoxygenic phototrophic bacteria is homodimeric, made of a single subunit, known as PshA in phototrophic Firmicutes, and PscA in phototrophic Chlorobi and Acidobacteria (Bryant 1994) . Photosystem I (PSI) in Cyanobacteria is heterodimeric, made of two homologous core subunits named PsaA and PsaB (Figure 1 ). It is thought that the heterodimerisation process was an evolutionary response to oxygen (Ben-Shem et al. 2004 , Hohmann-Marriott and Blankenship 2008 , Rutherford et al. 2012 . More exactly, it is proposed that the asymmetric fine-tuning of the redox cofactors allows back electron transfer reactions to occur safely, minimising the formation of triplet chlorophyll states that can lead to the production of reactive oxygen species (Rutherford et al. 3 2012) . It can thus be postulated that the gene duplication event that led to the heterodimerisation of PSI occurred after the evolution of water oxidation and was driven by the presence of oxygen.
In this report I present the first attempt at estimating when the gene duplication event that led to the heterodimerisation of the core of PSI occurred. I show that this gene duplication event is likely to have happened well before 3.4 Ga, which is consistent with an early Archean origin of water oxidation.
Results and discussion
A first estimation of the time passed since the gene duplication event of the ancestral core subunit of PSI can be reached by comparing the level of sequence divergence between PsaA and PsaB in distantly related organisms. Overall, PsaA and PsaB share ~45% sequence identity (seq_id) (Cantrell and Bryant 1987, Liebl et al. 1993) : in the particular case of Gloeobacter kilaueensis, belonging to the earliest branching genus of Cyanobacteria capable of oxygenic photosynthesis (Shih et al. 2013 , Sanchez-Baracaldo 2015 , PsaA and PsaB share 46.7% seq_id (Table 1 ). In Arabidopsis thaliana, a flowering plant, PsaA and PsaB share 45.6% seq_id. The similarity of seq_id between PsaA and PsaB in these two distant species suggests that in the very long time, likely more than 2.0 Ga ago, since the separation of the lineages leading to the genus Gloeobacter and the genus Arabidopsis (Sanchez-Baracaldo 2015, Shih et al. 2017) , the rates of evolution of the core subunits have not varied drastically, resulting in a difference of seq_id of only 1.1%.
The PsaB subunit in G. kilaueensis and in A. thaliana share 72.8% seq_id and the PsaA subunit between these two species share 68.1% seq_id. Then, let us assume for the sake of simplicity that the most recent common ancestor (MRCA) of Cyanobacteria, at the divergence of the genus Gloeobacter, occurred around the time of the GOE: 2.4 Ga. This would mean that since the branching of Gloeobacter, at 2.4 Ga, PsaB subunits have only changed by a maximum of about 27% and PsaA by about 32%. Again for simplicity, let us average this to 30%. It follows then that since 2.4 Ga the core subunits of PSI, PsaA and PsaB, have changed roughly about 30% each. That would give an average rate of evolution of about 1% loss of seq_id per every 80 Ma.
Using this rate we can then predict that two species that diverged about 100 Ma ago should have a level of sequence identity of their PsaA and PsaB subunits of just below 99%. A. thaliana and Populus trichocarpa are known to have diverged about 100 Ma ago, or sometime between 82 and 127 Ma as inferred from fossil evidence (Clarke et al. 2011) . The PsaA seq_id between A. thaliana and P. trichocarpa is 98.6%
and that of PsaB is 98.2%, which is in agreement with our approximated rate.
The earliest widely accepted fossil of red algae is 1.2 Ga old (Butterfield 2000) . There is also a recently characterised earlier fossil 1.6 Ga old (Bengtson et al. 2017) . Using the approximated rate we can predict that the level of sequence divergence between Cyanidioschyzon merolae (a red algae) and A. thaliana should be between 85% based on the younger fossil and 80% based on the older fossil (1200/80 = 15% or 1600/80 = 20%). In agreement with the approximated rate of evolution, the PsaA seq_id between these species is 82.2% and the PsaB seq_id is 80.9%.
From these comparisons it can be concluded that the rate of evolution of PsaA and PsaB has not changed dramatically for more than 2.4 Ga and that the approximated rate is not likely to be too far off from the average rates of evolution found in the wild. Now, using this approximated rate we can extrapolate back in time to estimate when the gene duplication event that led to the divergence of PsaA and PsaB started. PsaA and PsaB share about 46% seq_id, applying a rate of change of 1% loss of seq_id per 80 Ma gives a result of 4.3 Ga (54*80 = 4320 Ma). This is a very implausible date, but it is useful to illustrate a few key characteristics of the evolution of photosynthesis and reaction centre proteins as described in more detail below.
Let us assume instead that the MRCA of Cyanobacteria occurred at 3.0 Ga, 600 Ma before the GOE. That assumption would result in a slower rate of evolution of about 1% loss of seq_id for every 100 Ma. Consequently, it would set the gene duplication event at 5.30 Ga. In the other extreme case, if the MRCA postdate the GOE as suggested by Shih et al. (2017) , at 2.0 Ga, that would result in a faster rate of evolution of 1% loss of seq_id for every 66 million years. If this rate is applied to the divergence of PsaA and PsaB, it would set the gene duplication event at 3.56 Ga (54*66 = 3564 Ma), still more than 1.0 Ga before the GOE. It becomes therefore apparent judging from a comparison of the level of seq_id alone that regardless of when the MRCA of Cyanobacteria existed (2.0 to 3.0 Ga), the gene duplication that led to PsaA and PsaB is more likely to be a tremendously ancient event, tracing back to the earliest stages in the evolutionary history of photosynthesis, than a late event occurring just before the GOE or after the GOE.
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From these basic considerations, and even allowing for very large uncertainties, it can also be concluded that any scenario for the divergence of PsaA and PsaB occurring after 3.5 Ga would require faster rates of evolution at the earliest stages of divergence than any observed since the Proterozoic.
To validate the above observations I performed a Bayesian molecular clock analysis on Type I reaction centre proteins assuming a root of either 3.5 ± 0.05 or 3.8 ± 0.05 Ga (Figure 2) . In other words, assuming that photochemical reaction centres originated in the early Archean, which is consistent with extensive isotopic and sedimentological evidence for photoautotrophic metabolism during this time (Schidlowski 1988 , Rosing 1999 , Rosing and Frei 2004 , Tice and Lowe 2004 , Grassineau et al. 2006 , Czaja et al. 2013 , Nisbet and Fowler 2014 , Knoll 2015 . (Figure 4 ). This result implies that the phylogenetic distance between PsaA and PsaB is too large and the rate of evolution too slow, for the gene duplication event to have occurred within a few million years or a few hundred million years before the GOE. This is also in good agreement with the evolution of Type II reaction centres, which indicated that a water-splitting homodimeric photosystem is likely to have arisen in the early Archean (Cardona 2017 .
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It has been suggested that Cyanobacteria could have obtained photosynthesis via horizontal gene transfer (HGT) from anoxygenic photosynthetic bacteria (Raymond 2009, Hohmann-Marriott and Blankenship 2011) . A recent version of this hypothesis suggests that a non-photosynthetic ancestor of Cyanobacteria acquired photosynthesis via massive HGT right before the GOE (Shih et al. 2017 , Soo et al. 2017 ). The molecular evolution of Type I reaction centres disproves this hypothesis. This is because the ancestral PSI had to be a homodimer and there are no anoxygenic bacteria with heterodimeric Type I reaction centres, which means that the hypothesised HGT had to occur before the gene duplication event. As we have seen above, it is unlikely that this duplication event occurred immediately before the GOE or after the GOE, given the fact that at this time PsaA and PsaB had already achieved a high degree of sequence divergence. These arguments also apply to Type II reaction centres as discussed in Cardona et al. (2017) .
The high level of sequence divergence between the two core subunits of each photosystem, a trait shared by all Cyanobacteria, highlights the fact that their most recent common ancestor existed at an advanced stage in the evolution of oxygenic photosynthesis. This makes evident that a great diversity of oxygenic phototrophic bacteria spanning from the origin of water oxidation (using homodimeric reaction centres) to the emergence of crown group Cyanobacteria (using very sophisticated multiprotein photosystems with very divergent heterodimeric cores), either still remain undiscovered or have gone completely extinct. From the low level of sequence identity of the core subunits in addition to very slow rates of evolution it can be deduced with confidence that most of the diversity of oxygenic phototrophic bacteria actually predated crown group Cyanobacteria. Indeed, the evolutionary distance between the core subunits is so large that the early diversity of oxygenic phototrophic bacteria was likely not contained within a single ancestral phylum. Consequently, the possibility that Cyanobacteria are not the only existing phylum of bacteria to have descended from oxygenic phototrophs should be carefully considered in scenarios for the early evolution of bioenergetic processes.
In conclusion, the data presented here indicates that the gene duplication event that allowed the heterodimerisation of Photosystem I-in an ancestral lineage of bacteria that predated the most recent common ancestor of the phylum Cyanobacteria-likely occurred in the early Archean. If such event was an adaptation to photosynthetic oxygen evolution it would set water oxidation more than a billion years before the Great Oxidation Event.
Materials and Methods
All sequences used in this study were retrieved from the NCBI refseq database and are provided in the supplementary data. The percentage of sequence identity between pair of sequences was estimated using BLAST with the longest sequence of the pair taken as 100%. Sequence alignments were performed using Clustal Omega employing 10 combined guide trees and Hidden Markov Model iterations (Sievers et al. 2011 ). Maximum Likelihood trees were calculated with PhyML 3.0 using the smart model selection option allowing the software to compute all parameters from the data based on the Bayesian Information Criterion (Lefort et al. 2017) .
A total of 59 sequences spanning the entire diversity of reaction centre proteins, including 10 PsaA and 10 PsaB sequences from photosynthetic eukaryotes, were selected for molecular clock analysis.
Calibration points from well-established fossils were assigned as shown in Figure 2 and age boundaries were allocated as listed in Table 2 . Minimum and maximum divergence times for the Arabidopsis/Populus divergence, the appearance of the angiosperms, gymnosperms, and land plants were obtained from Clarke et al. (2011) . A minimum age for diatoms were obtained from Jurassic fossils from the Lias Group, reviewed by Sims et al. (2006) . A minimum age of 600 Ma was assigned to the node between the diatom sequences and the sequences from Porphyra purpurea. These were selected based on a Late Neoproterozoic Chinese multicellular red alga fossil (Xiao et al. 2004 ) and I used it as a conservative estimate for the divergence of complex red algae, which are probably older (Yang et al. 2016) . The well-preserved 1.6 Ga red algae fossils recently reported by Bengtson et al. (2017) was used as a minimum age for the origin of photosynthetic eukaryotes, an age which is also conservative and in agreement with other recent molecular clock analysis (Yang et al. 2016 , Sánchez-Baracaldo et al. 2017 . In addition, a minimum age of 1.6 Ga was assigned to the divergence of heterocystous cyanobacteria as well-preserved akinetes of this age have been found in cherts from Siberia, China, and Australia (Golubic et al. 1995 , Tomitani et al. 2006 , Schirrmeister et al. 2016 . A minimum age of 2.45 Ga was assigned to the node at the divergence of Gloeobacter (Point 9 in Figure 2 ) assuming that the most recent common ancestor of Cyanobacteria is at least as old as the GOE (Bekker et al. 2004 ). In addition, the same analysis was also performed using an older minimum age for the MRCA of Cyanobacteria of 3.0 Ga, to consider the possibility that some of the earliest evidence for oxygen (Lyons et al. 2014 ) may have arisen from crown group Cyanobacteria.
Alternatively, and to test the other extreme situation, I repeated the analysis removing this calibration point to release the oldest calibrated node from any time bias.
A Bayesian Markov chain Monte Carlo approach was used to infer estimated divergence times with the Phylobayes 3.3f software (Lartillot et al. 2009 ). A relaxed log-normal autocorrelated molecular clock was applied together with the CAT model Philippe 2004, Lartillot et al. 2009 ) of equilibrium frequency profiles and applying a uniform model of amino acid substitutions. Flexible bounds on the calibration points were left as default, 2.5% tail probability falling outside each calibration boundary or 5% in the case of a single minimum boundary (Yang and Rannala 2006) . All molecular clocks were computed using four discrete categories for the gamma distribution and four chains were run in parallel until convergence. Rates of evolution, expressed as amino acid changes per site per unit of time, are inferred by the software as described by the developers elsewhere (Kishino et al. 2001 , Lepage et al. 2007 . 
